The need for indium droplets to initiate self-catalyzed growth of InAs nanowires has been highly debated in the last few years. Here, we report on the use of indium droplets to tune the growth direction of self-catalyzed InAs nanowires. The indium droplets are formed in situ on InAs(Sb) stems. Their position is modified to promote growth in the 〈11-2〉 or equivalent directions. We also show that indium droplets can be used for the fabrication of InSb insertions in InAsSb nanowires. Our results demonstrate that indium droplets can initiate growth of InAs nanostructures as well as provide added flexibility to nanowire growth, enabling the formation of kinks and heterostructures, and offer a new approach in the growth of defect-free crystals.
Introduction
InAs and InSb nanowires offer an interesting platform for fundamental studies and electronic applications [1] [2] [3] [4] [5] [6] [7] [8] . For high performance devices it is important to achieve high material purity, a defect-free crystal structure [9] , and flexibility in terms of dimensions, morphology and growth direction [10, 11] . High purity nanowires can be obtained by molecular beam epitaxy (MBE) without a foreign catalyst, thereby avoiding the risk of impurity incorporation related to the catalyst particle [12, 13] . However, a challenge remains concerning the presence of stacking defects in self-catalyzed InAs nanowires [14, 15] . One pathway towards defect-free crystals is the growth of ternary nanowires, as recently demonstrated by the growth of InAs 1−x Sb x nanowires [16, 17] . Another approach to obtain defect-free nanowires would include a change of polarity [18] or growth direction [19] , since the typical stacking defects observed in III-V nanowires are related to the formation of {111}B planes [20] . In the case of InP nanowires, different crystalline growth directions have been achieved by engineering the gold catalyst [21] [22] [23] [24] [25] , or by spontaneous kinking in the case of selfcatalyzed nanowires [26] . The resulting wires in 〈100〉 directions are defect-free [23] . Other directions, such as 〈112〉 exhibit twin planes non-perpendicular to the nanowire axis [20, 27] . The change in growth direction is not only relevant to suppress stacking defects, but also facilitates the integration with CMOS platforms where (100) wafers are typically used. Furthermore, in situ engineering of the droplet has opened many more perspectives, such as the growth of novel nanostructures, including nano-sheets [28] [29] [30] [31] and nanocrosses [10, 32] . Branched nanostructures have received considerable attention as building blocks for braiding of Majorana Fermions [33] . In the case of self-catalyzed nanostructures droplet engineering is more difficult, and to the best of our knowledge, only one group has reported an in situ change of growth direction. In that work, branched GaAs nanowires were obtained by the accumulation of gallium on an InAs quantum dot on the nanowire side facet [34] . For InAs nanowires changing the growth direction by droplet engineering is particularly challenging, since there is still a debate as to whether InAs nanowires grow with or without an indium droplet [14, 15, 35] . Catalyst-free growth of InAs nanowires along the 〈100〉 direction can be forced by using SiO 2 nanotube templates, although this strategy does not prevent the formation of stacking defects [36] . As far as we know, template and catalyst-free InAs nanowires have so far been limited to the 〈111〉B growth direction, and no in situ change of growth direction has been demonstrated yet.
Results and Discussion
In this work, we demonstrate that indium droplets can initiate and modify the growth direction of self-catalyzed InAs nanowires, even though in the typical growth regime indium droplets might not be present. Indium droplets are obtained either by annealing nanowires in vacuum or by direct deposition on the nanowires. We investigate the behavior of both InAs and InAsSb nanowires, and demonstrate that the indium droplet size and position can be tuned by changing the annealing time. The indium droplets can then be used as seeds to continue nanowire growth, thereby enabling the growth of L-shaped InAs nanostructures ('nano hockey sticks') as well as axial changes in composition. The L-shaped structures are particularly interesting because they give access to self-catalyzed InAs nanostructures grown in 〈11-2〉 directions which adopt the crystal structure of the 〈-1-1-1〉 oriented host nanowire. In the case of pure InAs nanowires as a starting point, the resulting branches show stacking defects parallel to the growth direction. In the case of InAsSb nanowire host structures, branches with a very low defect density can be obtained.
We start by explaining the formation of indium droplets upon annealing of InAs nanowires. InAs nanowires are grown on GaAs(111)B substrates covered with 4.5 nm of HSQ oxide using a DCA P600 MBE system (more information about the nanowire growth can be found in [16] ). After nanowire growth, all sources (In, As) are closed and the sample is kept at the growth temperature (530°C) for a varying amount of time. We observe that arsenic evaporates at a higher rate compared to indium, as expected from the difference in vapor pressures. Since {111}B facets are thermally less stable than {110} facets, the evaporation occurs predominantly at the top facet of the nanowire, leading to the formation of an indium droplet on top of the wire. Representative scanning electron micrographs of the nanowires directly after growth and after being annealed for 5, 10 and 15 min are shown in figure 1 . The indium droplets grow in size when increasing the annealing time, and slide down onto the side facets of the nanowire (figures 1(b), (c)) once they exceed a critical size. No significant change in diameter of the wires is observed as a function of the annealing time. This confirms that evaporation occurs mostly from the top facet and is negligible on the side facets, as opposed to what is observed in GaAs [37] . The droplets are located on the corner between two {1-10} facets and stay close to the tip of the nanowire as shown in the 3D schematic in figure 1(d) . The pinning near the nanowire tip would be in agreement with the results on gold-catalyzed InSb nanosails [28] , where it has been reported that a defectfree crystal structure allows for the droplet to slide down, while stacking defects cause pinning of the droplet. In our case the host InAs nanowire shows a high density of stacking defects, as shown in the high resolution transmission electron micrograph (TEM) in figure 1(e), therefore pinning the droplet near the nanowire tip. The indium droplet is found to be amorphous after cooldown. We further performed energy dispersive x-ray spectroscopy (EDX) in a scanning TEM to study the elemental composition of the droplet. Figures 1(f) , (g) shows a high angular annular dark field image of a nanowire tip with a droplet, and an elemental map showing arsenic in red and indium in green. A linescan of the composition along the white dashed line is presented in figure 1(h) . The indium content is slightly above 50% on the nanowire. This suggests that a small layer of indium may accumulate at the nanowire surface. The formation of an indium droplet upon annealing of the nanowires in vacuum is also a critical point when discussing the exact growth mechanism (vapor-liquid-solid or vapor-solid) of InAs nanowires: the presence of an indium droplet is not necessarily related to vapor-liquid-solid since it can also be formed if the arsenic cell is closed before sufficient cooling of the nanowires.
Since the formation of a droplet depends on the preferred evaporation of arsenic at the nanowire tip, the question arises, how does this effect change in ternary materials (with two group V elements)? We chose to study InAsSb nanowires with an antimony content of approximately 20%. The growth conditions and crystal structure analysis of InAsSb nanowires can be found in [16] . Figure 2 (a) shows an SEM micrograph of an InAsSb nanowire sample before annealing. Similar to pure InAs nanowires, no droplet can be observed on the tip of standard InAsSb nanowires. Figure 2 (b) shows an InAsSb sample which was annealed at 530°C for 10 min, in conditions similar to those that were found to lead to droplet formation for pure InAs nanowires. We observe that InAsSb is more sensitive to temperature; the nanowires evaporate at a much higher rate and the nanowire forest almost disappears, leaving indium droplets and crystallites on the substrate. Lowering the evaporation temperature by 30°C allows to form droplets on InAsSb nanowires. Figures 2(c) -(e) corresponds to SEM micrographs of samples annealed for 10, 20 and 30 min at 500°C. The droplet size increases at the beginning, but then stays constant after a certain time. The droplets do not slide down and instead the evaporation takes place mostly from the side facets, resulting in thinner nanowires with tapering towards the droplet. It is as if the droplet formed at the tip protects the top facet from evaporating further. Figures 2(f), (g) shows high resolution TEM investigations after cooldown. A Moiré pattern between the nanowire and the droplet is observed, suggesting an overlap of materials with a different lattice constant. STEM and EDX analysis of the nanowire tip and droplet are illustrated in figures 2(h)-(j). This analysis reveals the formation of a thin section of InSb just below a predominantly indium droplet. An InSb section is present in all annealed InAsSb samples (more details in supporting information). Since an InSb section is not observed in any as-grown nanowire sample, we assume that it is formed during cooldown; at the annealing temperature, the droplet consists of indium and antimony. During cooldown, the solubility of antimony in the indium droplet decreases, leading to a crystallization of InSb. We note that our results are qualitatively similar to the case of self-catalyzed GaAsSb nanowires, where a thin GaSb section has been reported [38] . A back-of-the-envelope calculation was done to estimate the amount of antimony dissolved in the indium droplet before cooldown. Assuming that the number of antimony atoms corresponds to the InSb section of 19±5 nm in height, we get an antimony concentration of 15±4% in the indium droplet before cooldown. This value is comparable with self-catalyzed InSb nanowires grown by MOVPE, where an antimony concentration of up to 20% was measured in the droplet [39] .
We turn now to the use of indium droplets as seed particles to drive InAs nanowire growth in new growth directions. After growing the InAs nanowires, we anneal them to form the indium droplets at the top or side facets of the nanowires, and then continue growth. For the second part of the growth we use typical InAs nanowire growth conditions in terms of substrate temperature and indium flux (530°C and 1.4×10 −7 Torr indium beam equivalent pressure (BEP)), while the arsenic BEP is lower and was varied between 2.5 and 7×10 −7 Torr. Figures 3(a) -(c) show representative SEM micrographs of InAs samples annealed for 5 min, 10 min and 15 min which were then subjected to further InAs growth (1 h) at an arsenic BEP of 5×10 −7 Torr. Figure 3 (a) shows that after only 5 min annealing, growth mainly continues in the original 〈-1-1-1〉 nanowire growth direction (the expected droplet position is marked with a dashed line). After 10 min annealing we observe the growth of L-shaped structures as shown in figure 3(b) . Those structures are always perpendicular to the host nanowire, similar to the results by Suyatin et al, where kinked InAs nanowires were grown by a second gold deposition step and chemical beam epitaxy [40] . In figure 3(b) we also note that not all the wires form branches, as some wires also continue growing in the axial direction. We attribute this variation of shapes to the presence of indium droplets both at the nanowire tip and side facets after 10 min annealing. Growth after 15 min annealing results in 100% L-shaped nanostructures. This is in agreement with the 100% yield of droplet formation at the intersection of two nanowire side facets. It can therefore be concluded that the droplets act as seed particles to re-initiate growth following the vapor-liquid-solid (VLS) mechanism. At this point it is still unclear how long the droplet survives and whether or not the mechanism changes to vapor-solid (VS). Figure 3(d) shows a top view image (15°tilted) of the sample presented in (b). It can be observed that the growth direction of the L-shaped structures corresponds to one of the 〈11-2〉 directions, being in agreement with the positioning of the indium droplets at the corners between two {110} facets. Interestingly the 〈11-2〉 direction is also the growth direction for which the growth of membranes and nanowires with elongated cross sections is possible in the case of GaAs in patterned silicon dioxide on GaAs(111)B [41, 42] .
We will now discuss the role of the arsenic flux in the growth of 〈11-2〉 oriented nanostructures. In figures 3(e)-(h) we provide SEM micrographs of samples grown with an increasing value of arsenic BEP, after annealing the InAs stems for a duration of 10 min. The exact values of arsenic BEP are 2.5×10 −7 Torr, 3.5×10 −7 Torr, 5×10 −7 Torr, and 7×10 −7 Torr for samples (e)-(h), respectively (note that (b) and (g) are the same sample). We observe that increasing the arsenic flux significantly increases the growth both in the 〈-1-1-1〉 direction for the linear nanowires and in the 〈11-2〉 direction for the L-shaped nanostructures (figures 3(e)-(g)).
For very high arsenic flux growth in the 〈11-2〉 direction stops to be favorable, and nanowires with elongated cross sections are observed as shown in figure 3(h) . Note that the threshold is lower than the arsenic BEP which is used for the growth of typical InAs nanowires (1.9×10 −6 Torr). Time series reveal that the flat membranes form gradually; it is as if the droplets favor growth on the side facet they were initially sitting on (more information available in supporting information). The observed mechanism stands in contrast to gold catalyzed nanowires, for which flat nanowires were reported due to a downward movement of the catalyst particle [43] .
In figure 4 we show how re-initiating growth with an indium droplet affects the crystal structure. Previously it has been suggested that the presence of liquid indium could favor the growth of defect-free Wurtzite [44] , and it has been demonstrated that controlling the droplet is crucial for the growth of defect-free GaAs nanowires [45, 46] . We start by analyzing the crystal structure of the L-shaped nanostructures. An SEM micrograph of the sample is shown in figure 4(a) . Figures 4(b) , (c) show a low resolution TEM micrograph and the corresponding diffraction pattern of an InAs branch. High resolution TEM micrographs of different parts of the sample are shown in figures 4(d), (e). We observe that the crystal structure is polytypic, as is commonly observed for self-catalyzed InAs nanowires. Twins form perpendicular to the nanowire axis, as is also commonly observed for nanowires grown in the 〈111〉 direction [20] . Comparing a high-resolution TEM micrograph of the corner ( figure 4(d) ) with the end of the branch (figure 4(e)) we observe that the defects of the host nanowire propagate all along the horizontal part, being parallel to the growth direction. The 〈11-2〉 oriented part of the L-shaped structure therefore adopts the polytypic crystal structure from the host InAs nanowire. This observation stands in contrast to the work by Plissard et al [10] , where the horizontal InSb nanowire has no epitaxial relation with the InP nanowire stem. We also study the crystal structure of the sample shown in figure 4(f) , where the growth continues in axial direction. Figures 4(g) , (h) show a low resolution TEM micrograph and the corresponding diffraction pattern. We observe that the general crystal structure is polytypic. However, in many wires we observe a thick pure zinc blende (ZB) section 800 nm below the tip of the nanowire, as shown in figures 4(i), (j). The location of the pure ZB region corresponds approximately to the expected position where the growth was re-initiated after the droplet formation. Since the existence of a pure ZB region in the middle of the −7 Torr, 5×10 −7 Torr, and 7×10 −7 Torr, respectively. We observe that growth in 〈11-2〉 direction is favored at low arsenic pressure, while flat nanostructures are observed at high arsenic pressure.
polytypic InAs crystal structure is very unusual, we attribute it to the effect of the indium droplet and the VLS growth mechanism. After the pure ZB section the nanowire continues with the standard polytypic crystal structure, suggesting that the droplet is readily consumed and the growth proceeds droplet-free. Comparing our results to the findings of Biermanns et al [44] , we agree that the existence of an indium droplet supports the suppression of twinning defects. One should note, however, that in our case the resulting crystal structure is ZB, while the original paper reported on wurtzite (WZ) stacking.
We go now a step further in the fabrication of hierarchical structures, and investigate the formation of droplets when annealing L-shaped nanostructures. Figure 5 (a) shows a sample which has been annealed for 10 min at 530°C. Different positions of the indium droplets can be observed. Figures 5(b) -(e) shows a sample where growth was re-initiated after the second droplet formation step. Different nanostructure shapes can be observed, including thicker L-shaped structures, longer branches, and nano-bridges. The nano-bridges are particularly interesting since the second 'leg', which is formed after the second annealing step, grows in 〈111〉A direction. A-polar growth is very untypical for selfcatalyzed arsenide nanowires, and has only recently been observed in the case of InAs growing around Si/SiO 2 nanotubes [47] . Our results confirm that it is possible under certain conditions. A low resolution TEM micrograph of a nanobridge is shown in figure 5(f) . A high resolution TEM micrograph of the host nanowire is presented in figure 5(g) , showing the standard polytypic crystal structure. In the high resolution TEM micrograph of the second 'leg' ( figure 5(f) ) we can observe a 20 nm thick pure ZB region. We attribute this pure phase section to the presence of a droplet when reinitiating growth. The rest of the second leg shows polytypism, similar to standard InAs nanowires. Please note that nano-bridges can also be formed when two L-shaped nanostructures merge during growth. However, in such a case the crystal structure of the horizontal part is not continuous (more details in supporting information). We conclude that the annealing and re-initiation process can be repeated multiple times in order to grow more sophisticated hierarchical structures. Further research is necessary to achieve control over the droplet position during consecutive annealing steps.
Next we present re-initiation of InAs growth in the case of InAsSb nanowires after droplet formation. We have seen that in this case the droplet forms at the nanowire tip. When re-initiating growth after droplet formation all nanowires continue to grow vertically. Interestingly, no InSb section can be observed at the interface between InAsSb and InAs, suggesting that the InSb is formed during cooldown (more information is available in the supporting information). In order to grow InSb sections embedded in InAsSb samples we therefore investigate nanowire growth with a cooldown step after droplet formation. Figure 6(a) shows an SEM micrograph of a nanowire sample which was first annealed in order to form a droplet, then cooled down to form an InSb section and then overgrown with InAsSb. TEM micrographs of the sample are shown in figures 6(b), (c). We can observe a change in crystal structure within the otherwise defect-free InAsSb nanowire. The EDX map and linescan shown in figures 6(d), (e) confirm the existence of an InSb section of approximately 20 nm in length and 70 nm in diameter. The band alignment of an InSb section within InAs 0.8 Sb 0.2 is shown in figure 6(f) . The bandgap energy and band offset was calculated using the bowing parameters of [48] . We suggest that the InSb insertion can be used as a quantum dot memory for holes, or as an electron transport barrier after etching away the InAsSb radial overgrowth.
To add more flexibility to the choice of host structure, we also investigate the possibility to deposit indium on nanowires in situ after growth. This is achieved by opening the indium flux after growth while keeping arsenic closed. In order to avoid evaporation of the nanowires, the sample temperature is lowered to 480°C (430°C) for InAs (InAsSb) nanowires. Figure 7 (a) shows an SEM micrograph of an InAs nanowire sample where indium has been deposited for 3 min. We observe the formation of indium droplets on the {110} facets of the nanowires. In this case the droplets are formed at the base of the nanowires, without wetting the HSQ oxide. Figures 7(b) , (c) show SEM micrographs of an InAs sample where indium droplets were deposited and then growth was continued with the standard parameters for the growth of branches (3.5×10 −7 Torr arsenic BEP). We will refer to this sample as InAs-In-InAs, according to the different steps during growth. We observe that the deposited indium acts as a seed particle to continue growth in 〈11-2〉 direction, similar to the samples presented above. Here, the horizontal part of the L-shaped structure is at the base of the nanowires, due to the location of the indium droplets. Figures 7(d)-(f) show SEM micrographs of the corresponding experiments on InAsSb nanowires as host structures. We observe that droplets also form at the base of the nanowires, resulting in L-shaped structures where the horizontal part is close to the substrate. Note that under the conditions presented here, not all nanowires have an indium droplet after indium deposition. Therefore there are also nanowires without the horizontal part after re-initiating growth. Figures 7(g)-(k) shows a crystal structure and composition analysis of the InAs-In-InAs sample. We find that the sample horizontal part of the nanostructure inherits the polytypic crystal structure of the host nanowire, similar to the results presented in figure 4 . The STEM-EDX map shown in figure 7(i) confirms that the nanostructure is pure InAs. Figures 7(l) -(p) shows a crystal structure and composition analysis of the InAsSb-In-InAs sample. The diffraction pattern (figure 7(m)), which was acquired on the horizontal part, shows that the structure is pure ZB. The STEM-EDX analysis in figure 7(n) confirms that the host nanostructure is InAsSb, while the horizontal part is InAs. At the tip of the horizontal InAs part we note a few rotational twins, as shown in the high resolution TEM micrographs in figures 7(o), (p). The samples presented here show that depositing indium on a host structure allows to form heterostructures, where the horizontal part adopts the crystal structure of the host nanowire all along the branch. However, we need to note that the horizontal part of the structure can in some cases also exhibit defects which do not propagate from the host nanowire and suggest a change of the growth front (more information available in supporting information). We attribute this finding to the close proximity of the substrate.
Finally, we also study the electrical properties of the L-shaped nanostructures grown by the annealing method. Electrical contacts to the nanostructure were defined by e-beam lithography, followed by argon milling to remove the native oxide, and then sputtering of chromium/gold. A detailed description of the process can be found in [16] . Figure 8(a) shows an SEM micrograph of a device allowing 2-point electrical measurements of the 'main', 'branch' and 'corner' sections of the L-shaped structure. Figure 8(b) shows an AFM image of another such device with a linescan across the branch section of the device, showing it to have an approximately rectangular cross section. Figure 8(c) shows representative I-V curve behavior of such devices. The linearity indicates ohmic contact behavior. For the devices studied, the I-V characteristics were used to estimate the conductivity of the different parts of the nanostructure based on AFM height and SEM length/width measurements. The average conductivity of the branches was found to be 81±23 S cm −1 (for four devices), which is comparable to standard 〈111〉B self-catalyzed InAs nanowires [16] . It was found that, in general, all parts of the device show n-type gate response, though the intensity of the response varied significantly. None of the devices could be turned off completely, probably due to charge screening of the gate by the relatively thick devices. Upon inspection of the devices after electrical testing, some of the devices appeared melted and amorphous. The results of the melted devices were not included in the conductivity calculation. At this point it is still unclear at which point during the measurements the melting occurred. More information on this phenomenon is given in the supporting information section.
Conclusions
In conclusion, we have demonstrated how to change the growth direction of self-catalyzed InAs nanostructures by in situ formation and manipulation of indium droplets. We have presented a detailed study on how to obtain indium droplets by annealing both for InAs and InAsSb nanowires. The indium droplets can then be used to initiate growth in different crystalline directions, resulting in linear or L-shaped nanostructures, depending on the position of the droplet. The conductivity of the branches was found to be roughly comparable to standard InAs nanowires, and all parts of the nanostructure show n-type gate response. Showing that indium droplets can be formed upon annealing further offers a new perspective when discussing whether or not a droplet is present during the growth of self-catalyzed InAs nanowires, and how the presence of liquid indium affects the crystal structure. In the case of InAsSb nanowires, our approach can be used to fabricate InSb sections within InAsSb wires, which are expected to act as quantum dot memories for holes. Furthermore, we demonstrate the flexibility of this technique by deposition of indium on InAs(Sb) after growth. Applying the indium deposition to different host nanostructures will allow for the growth of heterostructures or defect-free branches. Our results contribute to the understanding of the role of indium droplets in self-catalyzed InAs nanowire growth and offer a whole spectrum of new opportunities for indium-based nanostructures, including branched nanostructures, and the possibility to control defect formation. Demonstrating a change of growth direction for catalyst-free InAs nanowires also paves the route towards 〈100〉 oriented nanowires, which would facilitate the integration with CMOS technologies.
